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Abstract: Melatonin is a hormone that is secreted by the pineal gland. To date, melatonin is
known to regulate the sleep cycle by controlling the circadian rhythm. However, recent advances in
neuroscience and molecular biology have led to the discovery of new actions and effects of melatonin.
In recent studies, melatonin was shown to have antioxidant activity and, possibly, to affect the
development of Alzheimer’s disease (AD). In addition, melatonin has neuroprotective effects and
affects neuroplasticity, thus indicating potential antidepressant properties. In the present review, the
new functions of melatonin are summarized and a therapeutic target for the development of new
drugs based on the mechanism of action of melatonin is proposed.
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1. Introduction
Melatonin is a ubiquitous natural neurotransmitter-like compound (Figure 1) secreted by the
pineal gland in the brain [1]. Melatonin has diverse functions that regulate the circadian rhythm,
energy metabolism, and the immune system; it also inhibits oxidative stress and participates in the
aging process [2,3]. In vertebrates, melatonin is produced in some tissues; however, most melatonin
is produced by the pineal gland, secreted into the blood, and acts as a hormone [4]. In mammals,
the pineal gland is a neuroendocrine gland located near the thalamus, and consists of pinealocytes
that produce melatonin [4]. Melatonin is a hormone that regulates the circadian rhythm, and has
been investigated in many studies [5]. However, in recent studies, melatonin has been shown to exert
protective effects on neurons, especially against oxidative stress, and can be used as a target for the
development of various neurological diseases [6–10]. In this review, the neuroprotective effects of
melatonin that have recently attracted much interest, starting from the basic biology of melatonin, are
reviewed and evaluated.
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Figure 1. Chemical structure of melatonin.
Figure 1. Chemical structure of melatonin.
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2.1. Synthesis and Metabolism of Melatonin
2.1. Synthesis
andisMetabolism
of Melatonin
Melatonin
synthesized
in the pinealocytes of the pineal gland, and its synthesis is regulated
by the hypothalamic paraventricular nuclei [11]. In particular, hypothalamic paraventricular nuclei
Melatonin is synthesized in the pinealocytes of the pineal gland, and its synthesis is regulated
project to preganglionic sympathetic neurons of the spinal cord, and postganglionary sympathetic
by the hypothalamic paraventricular nuclei [11]. In particular, hypothalamic paraventricular nuclei
neurons of the superior cervical ganglia project to the pineal glands [12]. The sympathetic nerve
project to preganglionic sympathetic neurons of the spinal cord, and postganglionary sympathetic
terminal norepinephrine binds to the alpha and beta noradrenergic receptors located on the cell
neurons of the superior cervical ganglia project to the pineal glands [12]. The sympathetic nerve
membrane of the pinealocytes, activating the cAMP-PKA-CREB and PLC-Ca2+-PKC pathways
terminal norepinephrine binds to the alpha and beta noradrenergic receptors located on the cell
to initiate melatonin synthesis [13]. The synthesis of melatonin begins with the conversion of
membrane of the pinealocytes, activating the cAMP-PKA-CREB and PLC-Ca2+-PKC pathways to
tryptophan to 5-hydroxytryptophan by tryptophan hydroxylase. Then, 5-hydroxytryptophan is
initiate melatonin synthesis [13]. The synthesis of melatonin begins with the conversion of tryptophan
converted to serotonin, which is converted to N-acetylserotonin by arylalkylamine N-acetyltransferase
to 5-hydroxytryptophan by tryptophan hydroxylase. Then, 5-hydroxytryptophan is converted to
(AANAT) and, finally, to melatonin by acetylserotonin O-methyltransferase [14,15]. AANAT and
serotonin, which is converted to N-acetylserotonin by arylalkylamine N-acetyltransferase (AANAT)
hydroxyindole-O-methyltransferase (HIOMT) are important enzymes involved in the production
and, finally, to melatonin by acetylserotonin O-methyltransferase [14,15]. AANAT and
of melatonin in the central nervous system (CNS). AANAT converts serotonin to N-acetylserotoin,
hydroxyindole-O-methyltransferase (HIOMT) are important enzymes involved in the production of
which in turn converts N-acetylserotoin to melatonin [3]. In particular, AANAT is not considered
melatonin in the central nervous system (CNS). AANAT converts serotonin to N-acetylserotoin,
a rate-limiting enzyme that regulates the synthesis of melatonin at night [16].
which in turn converts N-acetylserotoin to melatonin [3]. In particular, AANAT is not considered a
The hypothalamic suprachiasmatic nuclei play a central role in regulating melatonin secretion,
rate-limiting enzyme that regulates the synthesis of melatonin at night [16].
consistent with the light/dark cycle of the day, leading to the release of melatonin, which is secreted more
The hypothalamic suprachiasmatic nuclei play a central role in regulating melatonin secretion,
at night [17]. In contrast, light stimuli inhibit the synthesis of melatonin by promoting degradation of
consistent with the light/dark cycle of the day, leading to the release of melatonin, which is secreted
melanopsin in the retinal photoreceptive ganglion cell projected into the hypothalamus [17]. The pineal
more at night [17]. In contrast, light stimuli inhibit the synthesis of melatonin by promoting
gland is rich in blood vessels and located on the dorsal and posterior walls of the third ventricle,
degradation of melanopsin in the retinal photoreceptive ganglion cell projected into the
releasing melatonin into the cerebrospinal fluid and blood at night [15]. Melatonin binds mainly to
hypothalamus [17]. The pineal gland is rich in blood vessels and located on the dorsal and posterior
albumin in the blood, and is metabolized to 6-hydoroxymelatonin by cytochrome P450 (CYP1A2).
walls of the third ventricle, releasing melatonin into the cerebrospinal fluid and blood at night [15].
Then, melatonin
is conjugated
to 6-sulfatoxymelatonin
the liver and
in the urine [18].
Melatonin
binds mainly
to albumin
in the blood, and isinmetabolized
to excreted
6-hydoroxymelatonin
by
Melatonin
is
degraded
into
N-acetyl-N2-inyl-5-methoxykynuramine
(AFMK)
in
the
CNS,
andliver
AFMK
is
cytochrome P450 (CYP1A2). Then, melatonin is conjugated to 6-sulfatoxymelatonin in the
and
deformylated
with
N-acetyl-5-methosykynuramine
(AMK)
[19].
excreted in the urine [18]. Melatonin is degraded into N-acetyl-N2-inyl-5-methoxykynuramine
(AFMK)
in the
CNS, and
AFMK is deformylated with N-acetyl-5-methosykynuramine (AMK) [19].
2.2. Action
Mechanism
of Melatonin
Melatonin
can actofeither
by interacting with specific receptors or directly in the absence of such
2.2. Action
Mechanism
Melatonin
interactions. Melatonin is a very powerful natural antioxidant that can directly activate the intracellular
Melatonin can act either by interacting with specific receptors or directly in the absence of such
antioxidant system, as well as chelating oxygen and nitrogen reactive species [20]. Melatonin also
interactions. Melatonin is a very powerful natural antioxidant that can directly activate the
acts through melatonin receptors. There are two types of melatonin receptors in mammals—MT1 and
intracellular antioxidant system, as well as chelating oxygen and nitrogen reactive species [20].
MT2 [21]. These receptors are heterotrimeric Gi/Go and Gq/11 protein-coupled receptors, interacting
Melatonin also acts through melatonin receptors. There are two types of melatonin receptors in
with adenylyl cyclase, phospholipase A2, and phospholipase C, reducing cAMP and cGMP production
mammals—MT1 and MT2 [21]. These receptors are heterotrimeric Gi/Go and Gq/11 protein-coupled
and activating diacylglycerol and IP3 formation [22]. MT1 and MT2 receptors are present in almost all
receptors, interacting with adenylyl cyclase, phospholipase A2, and phospholipase C, reducing
peripheral tissues, as well as in the CNS [23]. Similar to other hormones, melatonin acts as a direct and
cAMP and cGMP production and activating diacylglycerol and IP3 formation [22]. MT1 and MT2
immediate molecular effector. The rapid effect of melatonin, which affects antioxidant activity and cell
receptors are present in almost all peripheral tissues, as well as in the CNS [23]. Similar to other
signaling, differs depending on the target tissue [24].
hormones, melatonin acts as a direct and immediate molecular effector. The rapid effect of melatonin,
which affects antioxidant activity and cell signaling, differs depending on the target tissue [24].
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3. The Role of Melatonin in the CNS
3.1. Source of Melatonin in the Human Body
Foods such as nuts, seeds, and vegetables contain melatonin [25]. The intake of melatonincontaining foods increases plasma melatonin levels [26], which are maintained at very low levels
during the day and increase to over 50 pg/mL at night. However, plasma melatonin levels are lower
than melatonin levels in certain organs in the body (e.g., bone marrow). Therefore, plasma melatonin
do not represent concentrations of all organs in the body [26].
3.2. Melatonin in the CNS
Previously, both melatonin in the blood and CNS were considered to originate only in the pineal
gland. However, Stefulj et al. showed that the mRNA of AANAT and HIOMT is expressed in most
regions of the rat brain [27]. According to Liu et al., melatonin can be synthesized in cultured rat cortical
astrocytes [28]. Therefore, melatonin may be produced and secreted in areas of the brain other than the
pineal gland. As previously mentioned, melatonin is converted to a metabolite, such as AFMK or AMK,
and AFMK is the main metabolite in the CNS [29]. Recently, AFMK and AMK were shown to remove
reactive oxygen by forming 3-indolinone, cinnoline, and quinazoline compounds. Melatonin reacts
with various reactive intermediates to protect against tissue damage [30]. MT1 receptors are widely
distributed in the nervous system, including the hippocampus, caudate putamen, suprachiasmatic
nucleus (SCN), a number of novel sites, including the paraventricular nucleus (PVN), periventricular
nucleus, supraoptic nucleus (SON), sexually dimorphic nucleus, diagonal band of Broca, nucleus basalis
of Meynert, infundibular nucleus, ventromedial and dorsomedial nucleus, tuberomamillary nucleus,
mamillary body, and paraventricular thalamic nucleus [31,32]. Unlike the MT1 receptor, MT2 receptors
are mostly observed in the CA3 subfield of the hippocampus, reticular thalamic nucleus, supraoptic
nucleus, inferior colliculus, substantia nigra pars reticulata, and ventrolateral periaqueductal gray [33].
MT1 and MT2 receptors are also distributed in neurons and glial cells of the cerebral cortex, cerebellar
cortex, thalamus, and pineal gland [33,34]. Jilg et al. found that the expression of a clock protein, which
regulates the circadian rhythm in mice, was regulated by the MT1 melatonin receptor [35]. Looking at
the melatonin function described so far, the role of a free radical scavenger can be considered as the
main mechanism of action. However, considering that the concentration of melatonin in the human
body is lower than that of free radicals, it should be considered that melatonin may have an indirect
antioxidant effect through the receptor mechanism, rather than direct antioxidant effects [36,37].
4. Anti-Ischemic and Antioxidant Effects of Melatonin
Free radical and oxidative stress plays an important role in aging and the development of cancer,
atherosclerosis, neurodegenerative diseases, diabetes, and inflammatory diseases [38]. However,
the antioxidants created to date have not been proven as therapeutic agents, and new candidate
antioxidant drugs are under development. Melatonin acts as an endogenous free radical scavenger
and, extensively, as an antioxidant [39]. When melatonin is administered, the expression of antioxidant
enzymes, such as superoxide dismutase and glutathione peroxidase, is increased [40]. Therefore,
melatonin-induced neuroprotective action is presumably induced by the antioxidative action of
melatonin. Upon stroke onset, complex cell damage occurs, resulting in increased cytotoxicity, ROS
production, and inflammatory response. An active energy metabolism is essential for the survival
of neurons. Reduction in cerebral blood flow, such as in ischemic stroke, and the resulting decrease
in glucose and oxygen supply, are fatal to neurons [41]. In the absence of glucose and oxygen, cell
survival is affected by various mechanisms. In particular, the deterioration of Na+ K+-ATPase function
begins [41,42]. Due to the reduced Na+/K+-ATPase activity, the function of the ATP-dependent
pump is reduced and intracellular Na+ is accumulated. Thus, anoxic depolarization is promoted,
resulting in activation of the voltage-gated calcium channels and reduction of the Na2+-Ca2+ exchange.
Consequently, the Ca2+ accumulates intracellularly, and the cell injury process is initiated [43].
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Figure 3. Antioxidant and anti-inflammatory properties of melatonin. BBB: blood–brain barrier.
Figure 3. Antioxidant and anti-inflammatory properties of melatonin. BBB: blood–brain barrier.
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Oxidative
stress
playscaused
an important
role in the development
Alzheimer’sand
disease
(AD). The
generation
of free
radicals
by Aβ deposition,
mitochondrialofdysfunction,
inflammation
generation
of
free
radicals
caused
by
Aβ
deposition,
mitochondrial
dysfunction,
and
inflammation
is very high in AD patients [61,62]. In particular, Aβ plaques cause oxidative stress, which not onlyis
very highlysosomal
in AD patients
[61,62].
particular,
plaquesmembrane
cause oxidative
stress,
which not
only
promotes
production
butInalso
disruptsAβ
lysosomal
function,
eventually
killing
promotes
lysosomal
production
but
also
disrupts
lysosomal
membrane
function,
eventually
killing
cells [63]. In recent studies, a novel mechanism by which melatonin stimulates nonamyloidogenic
cells [63]. In
recent
studies,
a novel mechanism
by which
melatonin
stimulates
nonamyloidogenic
processing
and
inhibits
the amyloidogenic
processing
of the
β-amyloid
precursor
protein (βAPP)
processing
and
inhibits
the
amyloidogenic
processing
of
the
β-amyloid
precursor
protein (βAPP)
by
by stimulating α-secretases and consequently downregulating both β- and γ-secretases
at the
stimulating
α-secretases
and
consequently
downregulating
both
βand
γ-secretases
at
the
transcriptional level has been shown [64]. The long-term melatonin treatment in APP+PS1 doubletranscriptional
has been reduced
shown [64].
The long-term
melatoninof
treatment
in APP+PS1
doubletransgenic
micelevel
significantly
cortical
mRNA expression
three antioxidant
enzymes
transgenic
mice
significantly
reduced
cortical
mRNA
expression
of
three
antioxidant
enzymes
(SOD(SOD-1, glutathione peroxidase, and catalase) [65]. Rudnitskaya et al. also observed that melatonin
1,
glutathione
peroxidase,
and
catalase)
[65].
Rudnitskaya
et
al.
also
observed
that
melatonin
administration prevented the decrease in the mitochondria-occupied portion of the neuronal volume
administration
prevented
the decrease
in the mitochondria-occupied
of of
thethe
neuronal
volume
and
improved the
ultrastructure
of mitochondria
in the hippocampalportion
neurons
CA1 region
in
and
improved
the
ultrastructure
of
mitochondria
in
the
hippocampal
neurons
of
the
CA1
region
in
OXYS rats. OXYS rats have a phenotype similar to human geriatric disorders, including accelerated
OXYSaging
rats. [66].
OXYSInrats
have a OXYS
phenotype
similar with
to human
geriatric
disorders,
including
accelerated
brain
addition,
rats treated
melatonin
showed
a decrease
in anxiety
and
brain
aging
[66].
In
addition,
OXYS
rats
treated
with
melatonin
showed
a
decrease
in
anxiety
and
impeded deterioration of reference memory [67]. The authors also reported that melatonin significantly
impeded
deterioration
of
reference
memory
[67].
The
authors
also
reported
that
melatonin
increased hippocampal synaptic density and the number of excitatory synapses, decreased the number
significantly increased hippocampal synaptic density and the number of excitatory synapses,
of inhibitory synapses, and upregulated synapsin I and PSD-95 proteins. Furthermore, melatonin
decreased the number of inhibitory synapses, and upregulated synapsin I and PSD-95 proteins.
improved the ultrastructure of neuronal and glial cells and reduced glial density [68]. Clinically,
Furthermore, melatonin improved the ultrastructure of neuronal and glial cells and reduced glial
melatonin levels were significantly reduced in AD patients [69]. However, clinical trials on the effects
density [68]. Clinically, melatonin levels were significantly reduced in AD patients [69]. However,
of melatonin in patients with Alzheimer’s disease have been reported differently than in preclinical
clinical trials on the effects of melatonin in patients with Alzheimer’s disease have been reported
studies. According to a meta-analysis by Wang et al. in seven studies (n = 462) with the duration
differently than in preclinical studies. According to a meta-analysis by Wang et al. in seven studies
ranging from 10 days to 24 weeks, AD patients receiving melatonin treatment showed prolonged
(n = 462) with the duration ranging from 10 days to 24 weeks, AD patients receiving melatonin
total sleep time at night. However, melatonin did not improve cognitive abilities assessed by the
treatment showed prolonged total sleep time at night. However, melatonin did not improve cognitive
mini-mental state examination and the Alzheimer’s Disease Assessment Scale-Cognition (ADAS-Cog).
abilities assessed by the mini-mental state examination and the Alzheimer’s Disease Assessment
The discontinuation rate was similar between the melatonin and placebo groups [70]. Also, based
Scale-Cognition (ADAS-Cog). The discontinuation rate was similar between the melatonin and
on the research results of Xu et al., melatonin therapy may be effective in improving sleep efficacy
placebo groups [70]. Also, based on the research results of Xu et al., melatonin therapy may be
and prolonging total sleep time in patients with dementia; however, there is no evidence that this
effective in improving sleep efficacy and prolonging total sleep time in patients with dementia;
improvement impacts cognitive function [71]. Contrary to these findings, Wade et al. found that the
however, there is no evidence that this improvement impacts cognitive function [71]. Contrary to
median ADAS-Cog values improved statistically when prolonged-release melatonin was added to the
these findings, Wade et al. found that the median ADAS-Cog values improved statistically when
existing treatment for Alzheimer’s disease [72].
prolonged-release melatonin was added to the existing treatment for Alzheimer’s disease [72].

6. Antidepressant-Like Actions of Melatonin
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6. Antidepressant-Like Actions of Melatonin
Reportedly, circadian rhythm and melatonin may be associated with depression [73,74].
Agomelatine, a MT1 and MT2 receptor agonist, is the first melatonin receptor ligand to demonstrate
antidepressant effects in animal model experiments [75,76]. In a study with Flinders Sensitive Line
rats, Overstreet et al. showed that agomelatine reduced immobility time in the forced swim test
(FST) [77]. The Flinders Sensitive Line (FSL) rat was originally proposed as an animal model of
depression because, like depressed humans, it is supersensitive to the behavioral and hormonal effects
of cholinergic (muscarinic) agonists [78]. In another study, treatment with agomelatine completely
normalized stress-affected cell survival and partly reversed reduced doublecortin expression in the
hippocampi of rats in the chronic mild stress model [79]. Agomelatine can regulate dopamine by
blocking 5-HT2 receptors and exhibits antidepressant effects in humans, similar to the antidepressant
effects of melatonin [80]. Mantovani et al. reported the immobility time in the tail suspension test (TST)
of mice was reduced by intraperitoneal (0.1–30 mg/kg) or intracerebroventricular (0.001–0.1 nmol/site)
administration of melatonin. The authors also observed a sub-effective dose of melatonin injected
intraperitoneally (0.001 mg/kg) produced a synergistic antidepressant-like effect with MK-801, ketamine,
zinc chloride, and imipramine in the TST. The authors speculated that the antidepressant effects of
melatonin were due to the interaction of melatonin with NMDA receptors and the L-arginine-NO
pathway [81]. Based on a study conducted with a chronic mild stress (CMS) model, five weeks of
unpredictable chronic mild stress in mice decreased grooming and increased serum corticosterone
levels. The unpredictable chronic mild stress-induced changes were counteracted by melatonin and
imipramine [82]. The antidepressant effects of melatonin are associated with the activation of melatonin
receptors. According to Micale et al. [83], the effects of melatonin on immobility time of rats in the
FST paradigm was abolished by the simultaneous injection of the non-selective melatonin antagonist,
luzindole. Melatonin may have an antidepressant effect by increasing the expression of GABAA
receptors in the rat brain.
Melatonin also increases neuroplasticity in the hippocampus, which plays an important role in the
development of depression. MT1 and MT2 receptors in the hippocampus are mainly distributed in the
dentate gyrus, CA3, CA1, and subiculum. The activation of MT1 and MT2 receptors in the subgranular
zone of the dentate gyrus promotes cell proliferation. Reportedly, melatonin stimulates dendrite
formation by activating CaMKII and PKC [84]. Based on another study, the MT2 receptor activates
Akt/GSK-3β/CRMP-2 signaling, and is necessary and sufficient to mediate functional axonogenesis
and synaptic formation [85]. The results indicate that melatonin can regulate neuroplasticity in the
hippocampus, similar to the currently used antidepressants. The preclinical findings indicate the
antidepressant effects of melatonin; however, the results from clinical studies in humans have not
established the antidepressant effects of melatonin. Although most clinical studies of melatonin
have been conducted in patients with sleep disorders, results from a few studies have indicated
melatonin may affect mood, including depression and improved metabolic side-effects of atypical
antipsychotics [86,87]. Therefore, to prove that melatonin is effective in the treatment of depression,
further well-designed and large-scale studies should be conducted.
7. Conclusions
In this review, the role of melatonin in nerve cell protection, neuroprotection caused by antioxidant
effects of melatonin, and the effects of melatonin on neuroplasticity were summarized. Melatonin not
only plays a role as an antioxidant, but also acts as an anti-excitotoxicity and anti-inflammatory molecule
in neurons. Furthermore, melatonin is a neuroprotective molecule and potential antidepressant because
it can pass through the blood–brain barrier and has few side effects [83]. Therefore, melatonin-acting
receptors, particularly MT1 and MT2, could be important therapeutic targets for the development of
new drugs, including antidepressants.
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Abbreviation
5-HT
AANAT
Aβ
AD
ADAS-Cog
Akt
AFMK
AMK
APP+PS1
AQP4
ATP
BAD
βAPP
BAX
CA
Ca2+
CaMKII
cAMP
cGMP
CMS
CNS
CREB
CRMP-2
CYP1A2
EEG
FSL
FST
GABAA
GSK-3β
HIE
HIOMT
IL-1β
K+
MCA
MDA
MK-801
mRNA
MT1
MT2
NMDA
MRI
Na+
NO
Nox
PLC
PKA

5-hydroxytryptamine
arylalkylamine N-acetyltransferase
amyloid-β
Alzheimer’s disease
Alzheimer’s disease assessment scale-cognition
Protein kinase B (PKB)
N-acetyl-N2-inyl-5-methoxykynuramine
N-acetyl-5-methosykynuramine
amyloid precursor protein and presenilin-1
aquaporin 4
adenosine triphosphate
BCL2 (B-cell lymphoma 2) associated agonist of cell death
β-amyloid precursor protein
Bcl-2-associated X protein
Cornu Ammonis
calcium ion
Ca 2+/calmodulin-dependent protein kinase II
cyclic adenosine monophosphate
cyclic guanosine monophosphate
chronic mild stress
central nervous system
cAMP response element-binding protein
collapsin response mediator protein 2
cytochrome P450 1A2
electroencephalography
flinders sensitive line
forced swim test
gamma-Aminobutyric acid A
glycogen synthase kinase 3 beta
hypoxic-ischemic encephalopathy
hydroxyindole-O-methyltransferase
interleukin 1 beta
potassium ion
middle cerebral artery
malondialdehyde
dizocilpine
messenger ribonucleic acid (RNA)
melatonin receptor type 1A
melatonin receptor 1B
N-methyl-d-aspartic acid
magnetic resonance imaging
sodium ion
nitric oxide
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
phospholipase C
protein kinase A
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PKC
PSD-95
PVN
ROS
SCN
SOD
SON
TNF-α
TST
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protein kinase C
postsynaptic density protein 95
paraventricular nucleus
reactive oxygen species
suprachiasmatic nucleus
superoxide dismutase
supraoptic nucleus
tumor necrosis factor alpha
tail suspension test

References
1.
2.

3.
4.
5.

6.

7.
8.

9.
10.

11.
12.

13.

14.
15.
16.
17.

Amaral, F.G.D.; Cipolla-Neto, J. A brief review about melatonin, a pineal hormone. Arch. Endocrinol. Metab.
2018, 62, 472–479. [CrossRef] [PubMed]
Carretero, M.; Escames, G.; López, L.C.; Venegas, C.; Dayoub, J.C.; García, L.; Acuña-Castroviejo, D.
Long-term melatonin administration protects brain mitochondria from aging. J. Pineal Res. 2009, 47, 192–200.
[CrossRef] [PubMed]
Hardeland, R. Melatonin metabolism in the central nervous system. Curr. Neuropharmacol. 2010, 8, 168–181.
[CrossRef] [PubMed]
Pandi-Perumal, S.R.; Srinivasan, V.; Maestroni, G.J.; Cardinali, D.P.; Poeggeler, B.; Hardeland, R. Melatonin:
Nature’s most versatile biological signal? FEBS J. 2006, 273, 2813–2838. [CrossRef] [PubMed]
Williams, W.P., 3rd; McLin, D.E., 3rd; Dressman, M.A.; Neubauer, D.N. Comparative Review of Approved
Melatonin Agonists for the Treatment of Circadian Rhythm Sleep-Wake Disorders. Pharmacotherapy 2016, 36,
1028–1041. [CrossRef] [PubMed]
Uchida, K.; Samejima, M.; Okabe, A.; Fukuda, A. Neuroprotective effects of melatonin against
anoxia/aglycemia stress, as assessed by synaptic potentials and superoxide production in rat hippocampal
slices. J. Pineal Res. 2004, 37, 215–222. [CrossRef] [PubMed]
Gupta, Y.K.; Gupta, M.; Kohli, K. Neuroprotective role of melatonin in oxidative stress vulnerable brain.
Indian J. Physiol. Pharmacol. 2003, 47, 373–386.
Rogério, F.; de Souza Queiroz, L.; Teixeira, S.A.; Oliveira, A.L.; de Nucci, G.; Langone, F. Neuroprotective
action of melatonin on neonatal rat motoneurons after sciatic nerve transection. Brain Res. 2002, 926, 33–41.
[CrossRef]
Persengiev, S.P. The neuroprotective and antiapoptotic effects of melatonin in cerebellar neurons involve
glucocorticoid receptor and p130 signal pathways. J. Steroid Biochem. Mol. Biol. 2001, 77, 151–158. [CrossRef]
Ali, S.F.; Martin, J.L.; Black, M.D.; Itzhak, Y. Neuroprotective role of melatonin in methamphetamine- and
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced dopaminergic neurotoxicity. Ann. N. Y. Acad. Sci.
1999, 890, 119. [CrossRef]
Smale, L.; Cassone, V.M.; Moore, R.Y.; Morin, L.P. Paraventricular nucleus projections mediating pineal
melatonin and gonadal responses to photoperiod in the hamster. Brain Res. Bull. 1989, 22, 263–269. [CrossRef]
Bittman, E.L.; Crandell, R.G.; Lehman, M.N. Influences of the paraventricular and suprachiasmatic nuclei
and olfactory bulbs on melatonin responses in the golden hamster. Biol. Reprod. 1989, 40, 118–126. [CrossRef]
[PubMed]
Guo, Q.; Wang, Z.; Dong, Y.; Cao, J.; Chen, Y. Physiological crosstalk between the AC/PKA and PLC/PKC
pathways modulates melatonin-mediated, monochromatic-light-induced proliferation of T-lymphocytes in
chickens. Cell Tissue Res. 2017, 69, 555–565. [CrossRef] [PubMed]
Garratt, P.J.; Tsotinis, A. Synthesis of compounds as melatonin agonists and antagonists. Mini Rev. Med. Chem.
2007, 7, 1075–1088. [CrossRef]
Ackermann, K.; Stehle, J.H. Melatonin synthesis in the human pineal gland: Advantages, implications, and
difficulties. Chronobiol. Int. 2006, 23, 369–379. [CrossRef]
Liu, T.; Borjigin, J. N-acetyltransferase is not the rate-limiting enzyme of melatonin synthesis at night. J. Pineal
Res. 2005, 39, 91–96. [CrossRef]
Hardeland, R.; Poeggeler, B. Melatonin and synthetic melatonergic agonists: Actions and metabolism in the
central nervous system. Cent. Nerv. Syst. Agents Med. Chem. 2012, 12, 189–216. [CrossRef]

Brain Sci. 2019, 9, 285

18.
19.
20.
21.

22.

23.

24.

25.
26.

27.

28.
29.

30.
31.

32.
33.

34.
35.

36.

37.

9 of 12

Hardeland, R. Taxon- and Site-Specific Melatonin Catabolism. Molecules 2017, 21, 2015. [CrossRef]
Tan, D.X.; Manchester, L.C.; Esteban-Zubero, E.; Zhou, Z.; Reiter, R.J. Melatonin as a Potent and Inducible
Endogenous Antioxidant: Synthesis and Metabolism. Molecules 2015, 20, 18886–18906. [CrossRef]
Skaper, S.D.; Floreani, M.; Ceccon, M.; Facci, L.; Giusti, P. Excitotoxicity, oxidative stress, and the
neuroprotective potential of melatonin. Ann. N. Y. Acad. Sci. 1999, 890, 107–118. [CrossRef]
Liu, J.; Clough, S.J.; Hutchinson, A.J.; Adamah-Biassi, E.B.; Popovska-Gorevski, M.; Dubocovich, M.L. MT1
and MT2 Melatonin Receptors: A Therapeutic Perspective. Annu. Rev. Pharmacol. Toxicol. 2016, 56, 361–383.
[CrossRef] [PubMed]
Baba, K.; Benleulmi-Chaachoua, A.; Journé, A.S.; Kamal, M.; Guillaume, J.L.; Dussaud, S.; Gbahou, F.;
Yettou, K.; Liu, C.; Contreras-Alcantara, S.; et al. Heteromeric MT1/MT2 melatonin receptors modulate
photoreceptor function. Sci. Signal. 2013, 6, ra89. [CrossRef] [PubMed]
Acuña-Castroviejo, D.; Escames, G.; Venegas, C.; Díaz-Casado, M.E.; Lima-Cabello, E.; López, L.C.;
Rosales-Corral, S.; Tan, D.X.; Reiter, R.J. Extrapineal melatonin: Sources, regulation, and potential functions.
Cell. Mol. Life Sci. 2014, 71, 2997–3025. [CrossRef] [PubMed]
Hazlerigg, D.G.; Gonzalez-Brito, A.; Lawson, W.; Hastings, M.H.; Morgan, P.J. Prolonged exposure to
melatonin leads to time-dependent sensitization of adenylate cyclase and down-regulates melatonin
receptors in pars tuberalis cells from ovine pituitary. Endocrinology 1993, 132, 285–292. [CrossRef]
Tan, D.X.; Zanghi, B.M.; Manchester, L.C.; Reiter, R.J. Melatonin identified in meats and other food stuffs:
Potentially nutritional impact. J. Pineal Res. 2014, 57, 213–218. [CrossRef]
Tan, D.X.; Manchester, L.C.; Sanchez-Barcelo, E.; Mediavilla, M.D.; Reiter, R.J. Significance of high
levels of endogenous melatonin in Mammalian cerebrospinal fluid and in the central nervous system.
Curr. Neuropharmacol. 2010, 8, 162–167. [CrossRef]
Stefulj, J.; Hörtner, M.; Ghosh, M.; Schauenstein, K.; Rinner, I.; Wölfler, A.; Semmler, J.; Liebmann, P.M. Gene
expression of the key enzymes of melatonin synthesis in extrapineal tissues of the rat. J. Pineal Res. 2001, 30,
243–247. [CrossRef]
Liu, Y.J.; Zhuang, J.; Zhu, H.Y.; Shen, Y.X.; Tan, Z.L.; Zhou, J.N. Cultured rat cortical astrocytes synthesize
melatonin: Absence of a diurnal rhythm. J. Pineal Res. 2007, 43, 232–238. [CrossRef]
Tan, D.X.; Manchester, L.C.; Terron, M.P.; Flores, L.J.; Reiter, R.J. One molecule, many derivatives:
A never-ending interaction of melatonin with reactive oxygen and nitrogen species? J. Pineal Res. 2007, 42,
28–42. [CrossRef]
Hardeland, R.; Tan, D.X.; Reiter, R.J. Kynuramines, metabolites of melatonin and other indoles: The
resurrection of an almost forgotten class of biogenic amines. J. Pineal Res. 2009, 47, 109–126. [CrossRef]
Wu, Y.H.; Zhou, J.N.; Balesar, R.; Unmehopa, U.; Bao, A.; Jockers, R.; Van Heerikhuize, J.; Swaab, D.F.
Distribution of MT1 melatonin receptor immunoreactivity in the human hypothalamus and pituitary gland:
Colocalization of MT1 with vasopressin, oxytocin, and corticotropin-releasing hormone. J. Comp. Neurol.
2006, 499, 897–910. [CrossRef] [PubMed]
Dubocovich, M.L.; Markowska, M. Functional MT1 and MT2 melatonin receptors in mammals. Endocrine.
2005, 27, 101–110. [CrossRef]
Lacoste, B.; Angeloni, D.; Dominguez-Lopez, S.; Calderoni, S.; Mauro, A.; Fraschini, F.; Descarries, L.;
Gobbi, G. Anatomical and cellular localization of melatonin MT1 and MT2 receptors in the adult rat brain.
J. Pineal Res. 2015, 58, 397–417. [CrossRef] [PubMed]
Ng, K.Y.; Leong, M.K.; Liang, H.; Paxinos, G. Melatonin receptors: Distribution in mammalian brain and
their respective putative functions. Brain Struct. Funct. 2017, 222, 2921–2939. [CrossRef] [PubMed]
Jilg, A.; Moek, J.; Weaver, D.R.; Korf, H.W.; Stehle, J.H.; von Gall, C. Rhythms in clock proteins in the mouse
pars tuberalis depend on MT1 melatonin receptor signalling. Eur. J. Neurosci. 2005, 22, 2845–2854. [CrossRef]
[PubMed]
Xia, M.Z.; Liang, Y.L.; Wang, H.; Chen, X.; Huang, Y.Y.; Zhang, Z.H.; Chen, Y.H.; Zhang, C.; Zhao, M.; Xu, D.X.;
et al. Melatonin modulates TLR4-mediated inflammatory genes through MyD88- and TRIF-dependent
signaling pathways in lipopolysaccharide-stimulated RAW264.7 cells. J. Pineal Res. 2012, 53, 325–334.
[CrossRef]
Hardeland, R. Aging, Melatonin, and the Pro- and Anti-Inflammatory Networks. Int. J. Mol. Sci. 2019, 20,
1223. [CrossRef]

Brain Sci. 2019, 9, 285

38.
39.
40.
41.
42.
43.
44.
45.

46.
47.
48.

49.

50.

51.
52.

53.

54.

55.
56.

57.

58.

10 of 12

Karaaslan, C.; Suzen, S. Antioxidant properties of melatonin and its potential action in diseases. Curr. Top.
Med. Chem. 2015, 15, 894–903. [CrossRef]
Tordjman, S.; Chokron, S.; Delorme, R.; Charrier, A.; Bellissant, E.; Jaafari, N.; Fougerou, C. Melatonin:
Pharmacology, Functions and Therapeutic Benefits. Curr. Neuropharmacol. 2017, 15, 434–443. [CrossRef]
Mayo, J.C.; Sainz, R.M.; Antoli, I.; Herrera, F.; Martin, V.; Rodriguez, C. Melatonin regulation of antioxidant
enzyme gene expression. Cell. Mol. Life Sci. 2002, 59, 1706–1713. [CrossRef] [PubMed]
Flynn, R.W.; MacWalter, R.S.; Doney, A.S. The cost of cerebral ischaemia. Neuropharmacology 2008, 55, 250–256.
[CrossRef] [PubMed]
Stys, P.K. General mechanisms of axonal damage and its prevention. J. Neurol. Sci. 2005, 233, 3–13. [CrossRef]
[PubMed]
Stys, P.K. Anoxic and ischemic injury of myelinated axons in CNS white matter: From mechanistic concepts
to therapeutics. J. Cereb. Blood Flow Metab. 1998, 18, 2–25. [CrossRef]
Hutton, L.C.; Abbass, M.; Dickinson, H.; Ireland, Z.; Walker, D.W. Neuroprotective properties of melatonin in
a model of birth asphyxia in the spiny mouse (Acomys cahirinus). Dev. Neurosci. 2009, 31, 437–451. [CrossRef]
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